Introduction
According to IEA statistics, 1) globally the iron and steel industry accounts for the highest share of CO 2 emissions from the manufacturing sector, at about 27%. The importance of minimizing CO 2 emissions in the steel industry has emerged as a critical concern in slowing the rate of global warming. Oxygen blast furnace (OBF) which was initially proposed by Wenzel 2) in 1970 is a modified ironmaking process for this purpose. For the next few decades, scholars proposed some improved processes. [3] [4] [5] Some large projects related to OBF industrial test have been carried out, such as ULCOS in Europe, [6] [7] [8] [9] experiment OBF in Japan 10, 11) and Russia. 12) These tests proved the feasibility and advanced of OBF process.
Academic research had placed the focus on the traditional blast furnace (TBF) simulation for many years. Various physical [13] [14] [15] and mathematical models 16, 17) have been adopted to investigate the multiphase flow and complicated thermo-chemical behaviors in TBF. The mathematical model ideas were also improved from one-dimensional to multi-dimensional, single-phase to multi-phase and con-
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KEY WORDS: DEM-CFD; oxygen blast furnace; burden distribution; shaft injected gas; parameter optimization. tinuous to discrete. Recent studies demonstrated that the Discrete Element Method (DEM) plays an important role to achieve this goal for this gas-solid flow system. The DEM was first proposed by Cundall and Strack 18) in 1979, and then developed rapidly. Ariyama 17) has introduced the recent progress on advanced BF mathematical models based on DEM. Actually, separate DEM can be applied to simulate the burden distribution [19] [20] [21] [22] and solid flow [23] [24] [25] in BF or COREX. Further the DEM-CFD coupling model can be used for studying the gas-solid flow behavior [26] [27] [28] [29] [30] in a whole furnace or a local position such as raceway. 31) In recent years, even it can consider the gas-solid heat transfer behavior 32, 33) and softening behavior of ore particles in cohesive zone. 34, 35) The main characteristics of the OBF process are pure oxygen injection, shaft gas injection, large pulverized coal injection (instead of partial of coke), high productivity etc. others. Shaft gas injection plays a crucial role in the OBF, including adjustment of heat balance and improving the reduction potential in the shaft. 36) Currently, several physical model 37, 38) or DEM-CFD coupling models 27, 28) are available to study the shaft injected gas (SIG) penetration behavior. The basic factors that affect the SIG permeation behavior include burden resistance, blast kinetic energy, gas inertia force confrontation between upward gas and SIG among others. The impact factors such as SIG flowrate, furnace profile and the shaft tuyere position have been studied by using the previously mentioned models. Previous work 27, 28) has employed the manner in which the hearth and shaft tuyeres blowing the same gas to understand the SIG penetration behavior. This included the determination of how the SIG permeation behavior affected the gas pressure distribution, gas-solid drag force or gas velocity. This type of investigation can reveal the SIG permeation characteristics, but not intuitively. Moreover, because of the limitations of the computational efficiency, the particles number used in the models is far lower than the actual BF.
The DEM-CFD coupled model used in this reported work employs our previous two-dimensional (2D) slot cold model, 38) and also uses a similar method, i.e., the hearth and shaft tuyeres blowing different gases to analyze the SIG penetration behavior quantitatively and accurately. This approach accounts for the layered structure of the burden (coke and ore). Using the application program interface code two important features are considered; melting zone and raceway. It must be noted that this model does not consider heat transfer and chemical reactions, so the two zones are hypothetical. The DEM-CFD coupling algorithm is improved by consideration of the calculations conditions so that the particles number is close to the actual BF. Three types of shaft tuyere configurations were adopted in this work. It was expected that this work would provide the theoretical data needed for the optimization of operating parameters and OBF design.
DEM-CFD Model Description

Discrete Element Method
A particles in a granular system undergoes translational and rotational motions as described by Newton's second law of motion. The model consists of spring and dashpot in the normal direction, spring, dashpot and slider in the tangential direction. 39) At any time t, the governing equations for particles i can be written as follows. Where m i , v i , and ω i are the mass, translational and rotational velocities of particles i, respectively; I i is the moment of inertia of particles i which is given by I i = 0.4 m i R 2 . The forces involved are: the particles-fluid interaction force F D which will be defined in Section 2.3, the gravitational force m i g, the forces between particles and between particles and walls. Additionally, it includes the normal and tangential contact forces, F cn,ij and F ct,ij , respectively, and the damping forces in normal and tangential directions, F dn,ij and F dt,ij , respectively. The torque acting on particles i includes two components: M t,ij , which is generated by the tangential force and causes particles i to rotate, and M r,ij commonly known as the rolling friction torque, which is generated by the normal force and slows down the relative rotation between particles. The forces and torques used in the model are listed in Table 1 .
Governing Equations for Gas Phase
The DEM-CFD coupling module is used to couple the DEM simulation with CFD. The coupling module uses 
Note that the tangential forces (Fct,ij+Fdt,ij) should be replaced by the Coulomb friction force (maximum) when they are larger than the latter force. E
the existing Eulerian-Eulerian multiphase model in CFD part. Meanwhile, the additional effect of the free volume fraction (void fraction) ε on the gas phase is added to the Eulerian model. During the coupling calculation process, the conservation equation of the solid part is not calculated by the CFD, but by the DEM instead. The particles data such as volume fraction, positions and velocities of individual particles are transmitted to CFD. Because the DEM-CFD is not essentially steady state, the gas phase is described by a set of three-dimensional (3D), unsteady Reynolds-averaged Navier-Stokes equations (URANS equations) closed by the standard k-ε turbulence model double-equations based on the local mean variables over a computational cell, which are given by Eqs. (4) and (5).
Where ε, ρ, u, μ, and p denote the void fraction, density, velocity vector, viscosity and pressure of a fluid, respectively. The resistance is produced due to the relative motion between the two phases. The coupling of two phase can be realized through calculating the momentum sink S of the resistance.
The solid phase volume fraction is transmitted from the DEM to the CFD model. In the CFD simulation the momentum sink S is added to each of the mesh cells to represent the effect of momentum transfer from the DEM particles. Consider the momentum sink, S, on a mesh cell: Where F D is the force on a particles i in a particular iteration from the fluid, V is the volume of a CFD mesh cell, i-n means the particle i to n containing in one CFD mesh cell. Momentum sink S is the sum of the resistance on the fluid in the mesh cell.
Because of the need to consider the SIG penetration behavior, the species transport governing equation including CO and N 2 in turbulent flows is added in the isothermal Eulerian multiphase flow system for the need of: D t is the turbulent diffusivity), respectively. Usually, the default Sc t is 0.7 which is a general value.
Particles-Fluid Interaction
The momentum coupling causes an additional force on the DEM particles as a result of the local drag force. The porosity and particles motion state in a packed bed are obtained by DEM analysis. The pressure drop is expressed by the multidimensional Ergun's equation for a packed bed.
The drag force on the individual particles is calculated using the Ergun 40) and Wen & Yu 41) drag model as depicted in Eqs. (8) Where, u, V i and v i denote the gas velocity vectors , volume of the particle i and solid velocity vectors, respectively.
DEM-CFD Model Calculation Process
Previous results 30) indicated that the burden descending velocity is basically dependent on the furnace profile and the melting zone shape. Gas flow affects the solid flow pattern insignificantly. It was also found that the shaft gas injection had little effect on the burden descending behavior. 27) In this work when the solid flow is relatively stable in DEM, stop the elimination of the coke in raceway and ore particles in melting zone. Then take it as an initial state of CFD calculation. So the solid phase volume fraction (SPVF) only needs to be calculated once after the CFD initialization by the "getFluidCellDetails" function which is used for calculating the SPVF in each computational cell. The particle-cell coupling procedure is introduced as follows: the solid volume phase provided by the DEM is based on multiple sample points, generated using the Monte Carlo method. DEM takes regular sample points within the bounding box of a particle and keeps the points that lie within the particles bounding surfaces. Each point is checked to determine which CFD mesh cell it lies within. The solid phase volume fraction within a particular mesh cell is, therefore, the percentage of the number of sample points that lie within that mesh cell as, given by Eq. (12): Where ε s , n c , N and V i mean the solid phase volume fraction, number of sample points contained within the mesh cell of particle i, the total number of sample points of the particle i and the volume of the particle i, respectively.
Although most of the current DEM-CFD models calculate it in every time step, but for the case of dense phase solid flow and little effect of gas flow on particles motion, this approach greatly reduces the computational load. The effect of gas flow on the solid flow will not be taken into consider-ation during the coupling process, but this treatment is only applicable for that system in which the gas flow has little effect on the solid flow. In this way the number and size of particles can be as much as possible close to the actual burden in the actual BF. Flowchart of DEM-CFD calculation is shown in Fig. 1 . Solid and gas flows are separately calculated by DEM and CFD, respectively. Due to the difference in the Courant number, each CFD time step is made of several time steps of the DEM calculation.
Simulation Conditions and Procedure
The BF geometry used in this work is shown in Fig. 2 . The computational domain considered for the simulation was a quarter OBF model with 120 m 3 of inner volume which was based on the actual OBF size. This OBF was intended to be constructed in China. The burden in an actual BF is not influenced by the virtual symmetrical wall, so the cut plane is represented by a symmetrical wall with no friction. The model furnace did not include the hearth bottom which would contain the hot metal and slag.
The properties of the coke and ore particle used in this simulation are listed in Table 2 . The OBF was initially packed with the coke particles until they exceed the melting zone. Then the ore and coke particles were alternately added from the furnace throat. The coke rate was set as 300 kg corresponding to 1 600 kg ore for producing 1 000 kg hot metal. When the stock line reached to the designated position, the elimination of the coke particles in the raceway and the ore particles in the melting zone was started without blowing gas. During this period, the ore and coke was added again near the furnace throat to maintain a stable stock line. When the solid movement reached a steady state, the OBF had a layered packing structure. This condition was set as the CFD calculation initial state. As mentioned earlier, 27, 30) there was little influence of gas flow on the movement of the solids. So when the coupling calculation begins, the particles in the OBF are static. The SPVF was calculated only once after the beginning of the coupling calculation. The liquid phase in the lower part of the furnace has little effect on the shaft injected gas distribution in lump zone, so the calculation of the liquid phase was not taken into consideration.
In this work in order to reduce the DEM calculation time, the burden descending velocity is accelerated. This treatment has been found to be acceptable in the study of solid flow in a BF. 23) Another parameter for gas flowrate is determined according to the Reynolds number, 26, 29) defined as:
Where U f is the gas superficial velocity at the throat. In actual BF operation 26, 29) U f is about 2-3 m/s, and the Reynolds number is about 10 3 − 10 4 . Gas mixture is defined as non-ideal-gas mixtures which doesn't need to define temperature. Three kinds of shaft tuyere configuration mode are proposed for researching as shown in Fig. 3 . The A-A and B-B cross-section is selected for post-processing. According to Han's OBF mathematical model, 42) the flowrate ratio of the SIG to hearth upward gas is about 0.3, so the different simulation Cases are determined as shown in Table 3 .
Calculation Results
Solid Flow State and SPVF in Furnace
Coke combustion in the raceway and ore reduction around the melting zone are the main driving forces of particle movement. The layered structure of the solid particles in the furnace after steady state is attained is shown in Fig. 4 . The black and grey areas represent the coke and ore particles. As can be seen, below the melting zone there are only coke particles. There was nearly no solid phase and a cavity was formed in the raceway. The burden above the melting zone was mostly in the plug flow zone. This phenomenon was consistent with the 3D physical 14) or mathematical 27, 28, 32) model results, but is not consistent with the 2D physical 14) or mathematical 23, 26) model results where only the burden in the upper portion of the shaft is in plug flow. This result was mainly due to the elimination of the wall effect (The friction between particles and walls) in the 3D model. Figure 5 shows the SPVF in B-B cross section. As shown, the burden was at a relatively loose state in the vicinity of the throat when it began entering the furnace. As the burden descended, the coke layer (deep color) and ore layer (light color) in the upper part of the shaft can be seen clearly. It is not obvious in the lower part of the shaft, because during the descending process the large particles (coke) and small particles (ore) were mixed with each other under the reason of velocity difference. The lower the particles are in the shaft, the greater pressure on them from the particles in the upper portion of the shaft. These effects causes that the SPVF to gradually increase until it reaches to the melting zone level. It is apparent that the SPVF reached its maximum value just above the melting zone. Therefore, the gas permeability near the melting zone is the lowest. This would be consistent with the characteristics of an actual BF. However, it should be noted that the melting zone in an actual BF is a solid-liquid region where the melted ore particles and solid coke are mixed. The melting zone in the proposed model is formed by the extrusion of mixed large and small particles. Regardless, the characteristics of the cohesive zone are similar to those in an actual BF.
Furthermore, a comparison between the SPVF of the furnace center axis and edge line is shown in Fig. 6 . Overall the SPVF at the edge was larger than that at the center except in the vicinity of hearth tuyere level. The SPVF reached a maximum value above the melting zone as previously mentioned. That is to say that in the conventional charg- ing system it is easy to form a gas channel in the furnace center, which is conducive to the development of the center gas and the smooth operation of the furnace. Coke particles combustion occurs mainly in the raceway, which will cause the particles above the raceway to descend rapidly. Previous studies have suggested 23, 26) that for uniform particles in a certain velocity range, the increase in particles velocity will lead to a sharp increase in bed porosity. This phenomenon can be seen clearly at the level of 0-2 m at the furnace edge where the burden is in the funnel flow region.
The Effect of the SIG on the Gas Pressure Distribution
The isobar lines in the vertical section of A-A and B-B are shown in Fig. 7 . In the present calculation, the gas pressure drop was different from that in an actual BF in which the gage pressure of the gas usually decreases from 0.15 MPa (Hearth tuyere) to 0.08 MPa (Throat) in an actual 120 m 3 BF. Nevertheless, the relative influence of the shaft gas injection on isobar lines can be examined. It can be seen that the isobar lines are essentially straight in the TBF condition in addition to the zone between hearth tuyere level and the melting zone where there is fluctuation. The coupling model illustrated the changes of pressure distribution in the melting zone. This was caused by the hearth tuyere blast pressure and the inverse V type melting zone in this model. The results are consistent with other DEM-CFD coupling model 32) calculation results. In the conditions specified for an OBF, the gas pressure in the shaft tuyere level near the wall is distorted, but the rest is consistent with the TBF case.
Since the shaft tuyeres in the shaft were in place intermittently, there was no isobar line distortion at the cross-section A-A in Case 1, B-B in Case 2 and 3, which were between the shaft tuyeres. The effect of the SIG on the pressure distribution in the furnace was restricted to the peripheral zone near the shaft tuyere. The same phenomenon was reported previously in Natsui's 27, 28) work. The gas pressure varies with the height on the center axis which were further analyzed as shown in Fig. 8 . It is apparent from these results that the gas pressure experienced a slowly decline in hearth region, a rapid fall in melting zone and decreased linearly in the lumpy zone. These phenomena can be explained by the Ergun 40) formula used in this model. In the actual BF hearth only coke particles are present in the solid phase which is known as deadman. The coke particles in deadman are compacted with the upper charging, combined with the solution loss reaction and the infiltration of liquid slag and iron. Consequently, the gas permeability in the deadman is not very good in an actual BF. But this proposed model did not consider the coke solution loss reaction and liquid phase, so that the void fraction and particle radius was relatively large in the deadman, resulting in a slow decrease of gas pressure in the hearth. It still can reveal the difference of gas pressure distribution between OBF and TBF.
In the normal BF operating conditions the hearth center gas pressure is determined by the blast pressure from hearth tuyere, but also by the hearth gas quantity. The top gas pressure is mainly affected by the total gas flowrate in the furnace. The gas quantity in the OBF hearth is much less than in the TBF hearth, but the quantity of the top gas is the same. So the gas pressure in the hearth center in OBF is lower than that in the TBF. However, the top gas pressures are consistent in all cases. In the case of the OBF, the pure oxygen blowing at room temperature into the OBF will significantly reduce blast kinetic energy of the hearth tuyere. This would result in an inactive hearth causing difficulty in the operation of the OBF. In the actual operation of a BF the lower blast pressure corresponds to a higher blast kinetic energy if the other blast parameters remain the same. The OBF is equipped with shaft tuyeres located above the melting zone. As a result, the pressure drop of the SIG occurs only in the lump zone. The SIG does not pass through the melting zone which has the worst permeability. Consequently, in actual operation, the blast pressure in the OBF from the hearth tuyere can be reduced appropriately for increasing the blast kinetic energy. Accordingly, the blast pressure from shaft tuyere can be increased appropriately for SIG permeability and top pressure. Figure 9 shows the gas velocity vectors in the total furnace in the hearth tuyere B-B section. Each arrow denotes a gas vector comprised of gas velocity and direction in each cell. To visualize the position of the melting zone, the ore particles were not displayed in the figure. As can be seen in all conditions, the gas flow in the furnace follows the following principal. Above the shaft tuyere level, the direction of the gas flow was along the contour of the shaft, the development of the gas flow in the central region can be clearly seen. At the throat due to a decline of the shaft cross-sectional area and the gas pressure, the actual flow velocity of the gas reached its maximum which is depicted in the figure by the red arrow. When the gas flowed outward, because of the removal of the burden resistance the gas flow channel became wider, so that the gas velocity decreased rapidly. This is equivalent to a gas superficial velocity at the throat as calculated in Section 3. The various points of gas flow were analyzed next. In Case 1 the SIG with a large horizontal velocity can be seen injected into the shaft. Then the flow direction of the SIG was tilted upward as a result of the pressure of the upward gas. As a result, the horizontal velocity of the gas rapidly decreased. Finally, the SIG rose with the upward gas along the shaft contour. In Cases 2 and 3, the gas velocity vectors in the shaft are basically the same as in the TBF case. And there was no special flow between the two shaft tuyeres in Case 2 and 3 as shown in Fig. 9 . The SIG had little influence on the gas velocity vectors in the midpoint of the two shaft tuyeres for the vertical direction, because the SIG had little effect on the gas pressure distribution in this position as shown in Fig. 7 . Figure 10 is an enlarged view of the gas velocity vector between the hearth tuyere level and melting zone. The display of coke and ore particles are both cancelled. After the hearth injected gas completes once distribution in the raceway cavity, it penetrates into the hearth center and the horizontal velocity decreased rapidly, while the vertical velocity increased. Due to the larger quantity of gas in the TBF hearth, the vertical velocity in the TBF hearth is larger than in the OBF hearth. A condition where the gas flow changes direction from the center to the furnace wall resulting from the pass through coke slits can be seen in all three cases. An intensified gas flow can be visualized near the melting zone due to its low void fraction. These results are similar to those calculated by Kurosawa 32) who considered the softening behavior of the ore particles in the cohesive zone.
Gas Velocity Vector
The SIG Distribution in OBF
The above analysis suggests that the effect of the SIG on the gas pressure and gas velocity vectors in the furnace is observed only in the vicinity of the shaft tuyere outlet. The change in SIG along the shaft can be also observed in this coupling model. In this section the SIG penetration behavior above the shaft tuyere level is analyzed. Figure 11 is an enlarged view of the collision behavior between the upward gas and the SIG in the vertical crosssection of center shaft tuyere. In all three cases the gas flow was directed nearly vertical in the upper part above the injection level and the influence of the SIG on the gas velocity vectors disappeared above the shaft injection level. However, the gas flow near the shaft tuyere outlet was deformed by the SIG. Case 3, in particular showed that the upward gas was pushed to the furnace center due to the higher gas velocity through the shaft tuyere. In Case 1 and 2, which have the same gas velocity from the shaft tuyere, the horizontal gas velocity in Case 2 was larger than in Case 1 at the same position in the red circle in Fig. 11 . Below the shaft tuyere outlet, near the wall in black circle in the figure, the gas flow direction was obviously down a moving from Case 1 to 3. This resulted primarily from the higher incidence and more violent collisions between the upward gas and the SIG. This produced the various characteristics of the SIG penetration in the three cases. Figure 12 shows the iso-concentration line of the SIG at the vertical cross-section of shaft tuyere center. The numbers on this line represent the mass fraction of the SIG. The significant differences in the SIG distribution in the different cases in each furnace are evident. The shaft tuyere number and hearth tuyere number were equal in Case 1 and Case 2. If the shaft tuyere was located between the hearth tuyeres, the coverage area of the SIG in the vertical direction was higher in Case 2. This phenomenon can be explained by the gas velocity vector in the red circle in Fig. 11 . When the shaft tuyere number was reduced by 1/2 in Case 3, the gas velocity from the shaft tuyere increased a factor of two over that in Cases 1 and 2 to maintain a constant gas flowrate.
The SIG was the most permeable in center of the furnace. The SIG flow area under the shaft tuyere outlet near the wall in Case 3 was the largest as shown by the black circle in Fig. 12 . This phenomenon corresponded to the gas velocity vector as shown in Fig. 11 .
After the SIG entered the shaft, it moved either up or down. Although it had the highest horizontal velocity at the injection level, it cannot reach the furnace center. However, with the increase in the shaft height, the SIG can penetrate close to the furnace center. This phenomenon has been interpreted as the diffusion effect, 27, 28, 37) caused by the irregular diffusion of the gas in the radial direction. The SIG experienced resistance to radial diffusion caused by the burden and upward gas and this radial resistance to gas flowrate was greater than the axial resistance. The mass fraction difference of the SIG above the shaft tuyere level was small. This showed that the diffusion of the SIG into the furnace center is not very strong. These results are consistent with our previously 2D cold model results. 38) At the same time, it must be considered that the shaft gas injection is used primarily to control the rate of heat flow and the heat balance of the upper part of the BF. Consequently, this diffusion effect is not very important.
In the actual OBF operation, the focus is not only on the vertical diffusion, but also on the radial diffusion. The SIG penetration at radial furnace cross-section + 1 m above the shaft tuyere level is shown in Fig. 13 . In all three cases the SIG mass fraction decreased slowly near the outlets and then decreased rapidly, producing a dividing line between the cool color and warm color in the furnace as shown in Fig. 13 . The shaft tuyere and hearth tuyere are in the same vertical position in Case 1 and the coverage area was not a regular semicircle as opposed to the other two cases. The calculation was repeated several times, but still no change. This have been caused by the lack of calculation accuracy or by the intensified upward gas. As is shown in Fig. 12 , the radial penetration distance of the gas was the smallest in Case 1. Therefore, it would appear that the latter reason is more the likely explanation for this phenomenon. The coverage area in the front of the shaft tuyere was the largest in Case 3. However, the area between the shaft tuyeres was not covered by the SIG. Based on an evaluation from the perspective of stable operation, Case 2 had the best shaft tuyere configuration where the coverage area was a uniform ring. This configuration provided for a more uniform heating of the shaft burden. To a some extent, the diffusion effect mentioned previously can lessen the shortcomings induced by a lack of gas penetration to the center of the furnace. This can provide a more reasonable heat distribution over the entire OBF.
Conclusions
This study was initiated to investigate the SIG penetration behavior in a model OBF, which is the key factor in this ironmaking process. A 3D hybrid model of an OBF using DEM-CFD was performed. The characteristics of the solids and gas in the model furnace were investigated in detail. The following conclusions can be rendered confirmed from the results of this study.
(1) The 3D DEM-CFD model can eliminate the wall effects of 2D models. The burden above the melting zone is mostly in the plug flow zone. Using conventional charging, the solid phase volume fraction at the furnace edge is larger than that at the center except in the vicinity of hearth tuyere level. This condition is conducive to the development of center gas. The solid phase volume fraction attained a maximum value above the melting zone.
(2) Due to the existence of the melting zone, the gas pressure in the furnace drops rapidly and the direction of the gas flow changes in this zone. The effect of the SIG on the gas pressure and gas velocity vectors in the furnace is observed only in the vicinity of the shaft tuyere outlet. When the horizontal velocity of the SIG reached to a large value especially in Case 3, as a result of the violent collisions between the upward gas and the SIG which will force the SIG to flow downward.
(3) Three shaft tuyere configuration modes were proposed for optimizing the operating parameters in an OBF. It was found that the optimum configuration was where there was an equal number of shaft tuyeres and hearth tuyeres and the shaft tuyere was located between the hearth tuyeres which produced a reasonable heat distribution throughout the OBF. ε: void fraction ε s : solid phase volume fraction n c : number of sample points contained within the mesh cell of particle i N: total number of sample points of the particle i ρ: gas density u: gas velocity vector μ: gas viscosity p: gas pressure S: momentum sink V: volume of a CFD mesh cell V i : volume of particle i 
